The crystallization of some hydrous magmas can be modeled, in part, via the reaction between hydrous melt and anhydrous minerals to yield hydrous minerals. The reactions (herein termed "hydration crystallization") are equilibrium, incongruent, vapor-absent crystallization reactions, the reverse of dehydration-melting reactions. The principal petrographic evidence for hydration crystallization is partially reacted and resorbed pyroxene and oxide minerals mantled by amphibole and biotite. Hydration crystallization can buffer the water content of mildly hydrous (up to ∼2 wt% H 2 O) magmas at values below saturation, conceivably to the completion of crystallization, thus contradicting the maxim that "all magmas go to water saturation." Even if the buffering effect does not persist throughout the crystallization history, water contents of magmas in which these incongruent reactions occur will remain lower than magmas in which they have not. Whether they preclude vapor saturation, equilibrium hydration crystallization reactions control the late magmatic evolution of many hydrous plutons.
Introduction
Because water behaves incompatibly during crystallization of hydrous magmas, even during the crystallization of hydrous minerals (Eggler 1972) , it has long been assumed that any magma containing even a trace amount of water will eventually become water saturated. We propose that saturation can be avoided if the hydrous minerals (amphibole and biotite) form not by direct crystallization from the melt but via the reaction between hydrous melt and extant anhydrous mineral phases, especially pyroxenes and Fe-Ti oxides. The petrographic evidence for reactions in which pyroxene is replaced by amphibole and/or biotite is exceptionally common in plutonic rocks of mafic to intermediate composition ( fig. 1 ). Although these textures are a patent indication of nonisochemical replacement, the process by which this replacement proceeds has not been modeled, to our knowledge. Using mass Manuscript received December 6, 2003; accepted March 26, 2004. 1 Department of Geology, University of Vermont, Burlington, Vermont 05405-0122, U.S.A. balance, we model this replacement as a reaction between hydrous melt and anhydrous minerals. Bowen (1928) described the sequential appearance of mafic minerals in evolving magmas as a series of discontinuous incongruent reactions, ending with the appearance of amphibole and micas. Over the years, significant study has been devoted to many such reactions in anhydrous systems (Schairer and Yoder 1960; Osborn 1978; Kelemen 1990; Kelemen et al. 1999) . Studies of anatexis during metamorphism (e.g., Thompson 1982) were the first to argue that hydrous minerals undergo incongruent melting to yield an anhydrous mineral assemblage coexisting with a water-undersaturated hydrous melt (dehydration melting). By the mid1990s, experiments had shown that a wide variety of amphibole-and biotite-bearing rocks undergo reversible incongruent dehydration melting to yield a hydrous, silicic melt coexisting with an anhydrous mineral assemblage (Beard and Lofgren 1991; Rushmer 1991; Wolf and Wyllie 1994; Patino Douce and Beard 1995 Beard , 1996 Rapp 1995 ; also see the review by Vielzeuf and Schmidt [2001] ).
Incongruent Reactions in Igneous Rocks
Dehydration melting as currently understood is actually a series of reactions whose exact form is a strong function of bulk composition and pressure. Reaction stoichiometry, the temperature at which melting begins and the temperature range over which the incongruent melting reaction occurs, varies according to bulk composition. Most melting reactions involving amphibole have the general form amphibole ϩ quartz ‫ע‬ sodic plagioclase p hydrous (tonalite) melt ϩ cpx ϩ opx ϩ Fe-Ti oxides ‫ע‬ calcic plagioclase.
And, similarly for biotite, the form is biotite ϩ quartz ‫ע‬ sodic plagioclase p hydrous (granite) melt ϩ opx ϩ Fe-Ti oxides ‫ע‬ calcic plagioclase.
At pressures higher than 7-10 kbar (as low as 5 kbar in Fe-rich biotite-bearing rocks), garnet becomes an important part of the anhydrous solid assemblage (Patino Douce and Beard 1996; Vielzeuf and Schmidt 2001) .
We will examine the crystallization process that is the reverse of dehydration melting, here termed "hydration crystallization." This is a mass balance model that assumes equilibrium conditions. The experimental work cited previously suggests that the garnet-free reactions considered here occur at temperatures between 800Њ and 900ЊC and pressures between 2 and 10 kbar. Exact PT conditions are strongly dependent on bulk composition (Vielzeuf and Schmidt 2001).
Modeling Hydration Crystallization

Assumptions and Constraints.
The hydration crystallization model is based on least squares mass balance and constrained by crystallization history and the distribution and abundance of minerals in the rock. The underlying assumptions are as follows: (1) the original magma composition is approximated by whole-rock chemistry. Note, especially, that magma, in this sense, refers to any mixture of crystals and liquid, regardless of fractionation or accumulation history. We are not in any way proposing that this plutonic rock, or any plutonic rock, represents a crystal-free liquid. (2) Early in its crystallization history, the hydrous magma in our model consisted of a liquid plus clinopyroxene, orthopyroxene, plagioclase, and Fe-Ti oxides. Excluding the liquid, these phases are still present in the rock. (3) The mineral mode and the mode and composition of the melt phase at the onset of hydration crystallization must be estimated by mass balance.
For this model to adequately constrain the crystallization process, the following data are needed: (1) an accurate mineral mode; (2) major-element chemical analyses of the rock and its constituent phases; and (3) knowledge of the crystallization history of the rock, especially reaction relationships and any evidence for resorption. This last constraint, which relies heavily on petrography, is especially important. In general, the more that is known about the range of mineral compositions and the modal abundance of mineral compositions (e.g., compositional zones in plagioclase), the better. As a practical matter, it is almost always necessary to know at least the average core and rim compositions of the plagioclase.
Estimating the Melt Composition and Mode at the
Onset of Hydration Crystallization. This melt composition is estimated by an iterative process. A matrix is set up using the anhydrous mineral com- positions, a proposed melt composition, and the bulk composition of the rock:
where c n is concentration (wt%) of oxide n in phase m and x m is the weight fraction of phase m in the rock. The melt composition is estimated by manipulating the modal proportions of the minerals and both the composition and modal proportion of the unknown (melt). If the chosen melt composition is not suitable, the model will ultimately fail to reproduce the observed reaction/crystallization sequence and/or the correct subsolidus mode. If silicic differentiates are present, it may be useful to use their composition as a starting point for estimating the melt composition to be used in the model.
Model: Bio-hbl-qtz Gabbronorite.
The gabbronorite consists of bytownite-labradorite, two pyroxenes, and two Fe-Ti oxides with minor quartz and sodic andesine. Amphibole and biotite mantle and corrode pyroxenes and (in the case of biotite) ilmenite ( fig. 1 ). Calcic plagioclase in contact with amphibole and biotite is usually corroded and appears to be involved in the reaction. Quartz is always interstitial. Sodic andesine occurs as rims on calcic plagioclase. These rims are thickest and best developed where the plagioclase is in contact with quartz. The water content of the rock, based on the modal abundance of amphibole and biotite, is 0.38 wt%. This is a maximum in that it assumes no halogens substituting for water in these minerals but a minimum in that it does not consider trace water in nominally anhydrous phases nor water trapped in fluid inclusions.
The gabbronorite hydration crystallization model illustrates a simple case in which a single mass-balance hydration crystallization reaction can describe the late-stage crystallization history and the hydration crystallization reaction proceeds until all melt in the magma (in this case, the last 8.6% of crystallization) is consumed. The minerals used in the model, the melt composition at the onset of hydration crystallization, starting and final modes, and the reaction that describes hydration crystallization are given in tables 1 and 2.
The hydration crystallization model predicts the observed reaction relationship among amphibole, biotite, calcic plagioclase, and both pyroxenes, as well as the reaction relationship between biotite (which in this rock is very Ti rich) and ilmenite. It requires the late crystallization of small amounts of quartz and sodic andesine. The actual and calculated subsolidus modes are in general concor- Figure 2 . A, Modal variation during hydration crystallization. B, Behavior of water in the melt associated with reactive crystallization. Water content is buffered for this particular reaction and melt composition at 3.94 wt% H 2 O. Values higher than this will ultimately lead to water saturation. Values below this will lead to water depletion and are, hence, unreasonable. C, Comparison of the buffered value of water with the behavior of Rayleigh fractionation models. The hydrous model assumes direct (as opposed to reactive) crystallization and removal of the hydrous phase assemblage produced by reactive crystallization. The anhydrous model presumes an anhydrous mineral assemblage. dance (table 2; fig. 2A ) and are the calculated and observed water contents (0.38 wt% H 2 O in the rock, 0.33 wt% H 2 O calculated from the model). Clearly, the model is consistent with the late-stage crystallization and reaction sequence in this gabbronorite.
As predicted by dehydration melting experiments, hydration crystallization can serve as a buffer for water in the melt. As written, the hydration crystallization reaction in this model will buffer melt H 2 O at a value of 3.94 wt% (assuming 2% water in amphibole and 4% water in biotite; fig.  2B ). Lower values result in the depletion of water in the melt, an unlikely (and, eventually, impossible as H 2 O goes negative; fig. 2B ) circumstance. Higher values ultimately result in water saturation. Even in this case, however, formation of amphibole and biotite by hydration crystallization results in less water enrichment in the melt than Rayleigh fractionation of a hydrous or (especially) anhydrous assemblage ( fig. 2C ).
Discussion
The previous model deals with a very specific case of late crystallization of a magma (almost certainly cumulate, in part) containing only about 0.38 wt% total water. What is the maximum water content that a magma might possess in which volatile saturation is avoidable? Hypothetically, this is reflected by observed modes of hornblende and biotite in plutonic rocks. For example, a dioritic rock with a color index of 40, half biotite (this requires bulk K 2 O of about 2%) and half hornblende, could theoretically reflect a magma with a total water content of more than 1 wt%, which crystallized without achieving saturation. Saturation appears inevitable in any magma with a bulk H 2 O content of 12% because this would require a final mode of 150% biotite (or 50% amphibole and 25% biotite). A "biotitite" magma (with a final mode of 100% halogen-free biotite) having 4 wt% water would represent an unrealistic theoretical limit. It follows that many-perhaps most-plutons displaying textures reflective of nonisochemical replacement of pyroxene by amphibole and biotite (especially if substantial remnant pyroxene is preserved) are relatively and intrinsically dry. Thus, the ability of hydration crystallization to preclude water saturation appears restricted to initially dry magmas (e.g., mid-ocean ridge basalt) and/or to magmas having a large component of accumulated anhydrous crystals. Hydration crystallization textures with substantial remnant pyroxene are common in many gabbroic rocks and particularly common in arc-related, mafic to intermediate plutons. Given the current understanding that primitive arc basalts may contain upward of 5% water (Grove et al. 2002) , these plutons likely represent substantial accumulations of (mostly) anhydrous crystals.
Whether it ultimately precludes vapor saturation, hydration crystallization is likely to be an important part of the cooling history of hydrous magmas. In particular, hydration crystallization reactions are likely to have a strong influence on the evolution and composition of late differentiates in hydrous plutons. They must be incorporated into any complete model for the crystallization and differentiation of hydrous magmas.
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